AND CONCLUSIONS 1. Serotonin (5HT), small cardioactive peptide B ( SCPB) and FMRFamide have well-established facilitatory and inhibitory effects on sensory neurons and their connections with motor neurons mediating withdrawal reflexes in Aplysia. Little is known, however, about their effects on interneurons contributing to those reflexes. As a first step, we examined the effects of these three transmitters on the identified inhibitory interneuron RP14 in isolated pleuralpedal ganglia.
1. Serotonin (5HT), small cardioactive peptide B ( SCPB) and FMRFamide have well-established facilitatory and inhibitory effects on sensory neurons and their connections with motor neurons mediating withdrawal reflexes in Aplysia. Little is known, however, about their effects on interneurons contributing to those reflexes. As a first step, we examined the effects of these three transmitters on the identified inhibitory interneuron RP14 in isolated pleuralpedal ganglia.
2. Bath application of 5-HT hyperpolarized RP14, inhibited its spontaneous activity and decreased its excitability. In addition, 5-HT decreased the amplitude of inhibitory postsynaptic potentials produced by RP14 in tail sensory and motor neurons.
3. In contrast, bath application of SCPB increased spontaneous activity in RP14. Subsequent application of 5-HT to the bath, which still contained SCPB, inhibited RP14. Therefore, the effects of SCPB were essentially opposite to those of 5-HT on this inhibitory intemeuron.
4. FMRFamide had little effect on RP14. It did not produce an obvious change in its resting membrane potential and produced only a transient increase in its spontaneous activity.
5. These results suggest that various neuromodulators have differential effects on elements of the neuronal circuit underlying the tail-withdrawal reflex of Aplysia. Differential modulation may determine the overall behavioral manifestations associated with sensitization. INTRODUCTION The neural circuits that mediate the siphon-gill and tailsiphon withdrawal reflexes of Aplysia consist of both monosynaptic and polysynaptic pathways. The analyses of the neural mechanisms of learning and memory in these circuits have focused mainly on plasticity in sensory neurons. Little is known about the modulation of interneurons, however. Several excitatory and inhibitory interneurons contributing to the neural circuits mediating these withdrawal behaviors have been identified (Buonomano et al. 1992; Byrne 198 1, 1983; Cleary and Byrne 1993; Fischer and Carew 1993; Frost et al. 1988; Hawkins et al. 1981; Koester 1989; Lieb and Frost 1992; Raymond and Byrne 1994; Xu et al. 1994) . Therefore, plasticity at these sites may also contribute to behavioral modifications. Recently this issue has begun to be addressed by examining the response of interneurons to modulatory agents such as serotonin (5-HT), small cardioactive peptide B (SCP,) and FMRFamide. 5-HT is a neuromodulator that facilitates the monosynaptic pathways between sensory and motor neurons and produces enhancement of the withdrawal reflexes (Abrams et al. 1984; Brunelli et al. 1976; Trudeau and Castellucci 1992; Walters et al. 1983b) . SCPB is another neuromodulator with many similarities to 5HT. For example, SCP, mimics 5-HT by decreasing the resting membrane potential, by increasing the duration of presynaptic action potentials in neurons treated with tetraethylammonium (TEA), by facilitating nondepressed synaptic connections between sensory and motor neurons, and by enhancing the siphon-gill withdrawal reflex (Abrams et al. 1984; Ocorr and Byrne 1985; Pieroni and Byrne 1992; Schacher et al. 1990 ). FMRFamide has effects opposite to those of 5-HT and SCPB. Specifically, FMRFamide increases the resting membrane potential, and decreases the spike duration of sensory neurons and the amplitude of their EPSPs (Abrams et al. 1984; Belardetti et al. 1987; Belardetti and Siegelbaum 1988; Brezina et al. 1987; Critz et al. 1991; Ichinose and Byrne 1991; Mackey et al. 1987; Ocorr and Byrne 1985; Pieroni and Byrne 1992) .
The role of specific modulators appears to be more complex, however, when one considers their effects on interneurons. 5-HT inhibited complex multicomponent EPSPs in siphon motor neurons that were elicited by nerve shock, but it facilitated monosynaptic EPSPs elicited in the same neurons (Fitzgerald and Carew 1991; see also Trudeau and Castellucci 1992) . Moreover, decreasing the activity of inhibitory interneurons resulted in the facilitation of connections between sensory neurons and motor neurons in the abdominal ganglion (Frost et al. 1988; Trudeau and Castellucci 1993) . Increasing the activity of inhibitory interneurons may contribute to behavioral inhibition. Recruitment of recurrent inhibition from L30 onto L29 produced transient inhibition of EPSPs evoked in motor neurons by mechanical stimulation of skin (Fischer and Carew 1993) .
Although some information is emerging on plasticity of interneurons mediating siphon-gill withdrawal, little is known about plasticity in the tail withdrawal circuit. In this study we focused on the modulation of RP14. This neuron is located more frequently on the ventral surface of the pleural ganglion than RP15, the other identified inhibitory interneuron in the circuit (Xu et al. 1994) . Moreover, RP14 has a more interesting role in the circuit, producing feedback inhibition of tail sensory neurons and feedforward inhibition of tail motor neurons (Buonomano et al. 1992; Xu et al. 1994) . As a first step in investigating the possibility that inhibitory interneurons are sites of plasticity in the tail-siphon circuit, we studied the modulatory effects of 5-HT, SCPs, and FMRFamide on RP14.
METHODS
Aplysia californica ( 120-300 g) were obtained from Alacrity Marine Biological Specimens (Redondo Beach, CA), Marine Specimens Unlimited (Pacific Palisades, CA), and Marinus (Long Beach, CA). Animals were housed in individual containers at 15OC in aquaria filled with artificial seawater (ASW; Instant Ocean, Aquarium Systems, Mentor, OH). Animals were maintained on a 12 h light/dark cycle, and were fed dried seaweed. Before dissection, animals were anesthetized by injection of a volume of isotonic MgC12 equal to approximately one-half of their body volume. The right pleural and pedal ganglia were removed and pinned to the floor of a Sylgard-lined chamber (Dow Corning, Midland, MI). Both ganglia were then desheathed in a 1: 1 solution of ASW and isotonic MgC12 to expose the pleural ganglion and the tail motor neurons in the pedal ganglion. After the dissection was completed, the bathing medium was changed to ASW buffered to pH 7.6 with 10 mM tris (hydroxymethyl) aminomethane (Tris) (Sigma, St. Louis, MO). All experiments were performed at room temperature ( N 2 1 OC ) . Intracellular recordings were performed by using microelectrodes (3-6 MS2) filled with 3 M KAc. Tail sensory neurons and motor neurons were identified by their size, location, and electrophysiological properties (Walters et al. 1983a ). RP14 was identified by its position and the IPSPs that it produced in tail motor and/or sensory neurons (Buonomano et al. 1992; Xu et al. 1994) .
A 5 ~1 aliquot of 5-HT stock solution (5 mM; Sigma) was delivered to the static bath to obtain a final concentration of 25 FM. Ten microliters of SCPB stock solution (2 mM; Peninsula Laboratories, Belmont, CA) was delivered to the bath to obtain a final concentration of 20 PM. Five microliters of FMRFamide stock solution (6 mM; Peninsula Laboratories, Belmont, CA) was delivered to the bath to obtain a final concentration of 30 PM. These concentrations are similar to those used in other studies on the sensory neurons of Aplysia (Abrams et al. 1984; Baxter and Byrne 1989, 1990; Blumenfeld et al. 1990; Brezina et al. 1987; Critz et al. 1991; Edmonds et al. 1990; Ocorr and Byrne 1985, 1986; Pieroni and Byrne 1992; Schacher et al. 1990 ). Concentrations of stock solutions were made daily and kept on ice. Before these agents were added to the bath, RP14 was stimulated at least twice by 2 s depolarizing current pulses at 5 min intervals (pretests). These successive depolarizing test stimuli produced bursts of action potentials in RP14 (with a consistent number of spikes in each test) and IPSPs in monitored motor and/or sensory neurons. If a consistent number of spikes could not be produced in the two pretests, the preparation was discarded. After two pretests, either 5-HT, SCPB, or FMRFamide was added to the bath to examine the effects on both RP14 itself and the effects of RP14 on motor and/ or sensory neurons. At least two bursts of action potentials (posttests) in RP14, elicited at 5 min intervals, were obtained after application of each agent. The interactions of 5-HT and SCPB were also examined. After two posttests in the presence of SCPB, 5-HT was added to the bath (which still contained SCPB) to examine its interaction with SCPB.
RESULTS

5-HT inhibited RPl4 and its synaptic actions
Application of 5-HT produced several effects on RP14 and its connections. Two of these effects are illustrated in Fig.  1 . Prior to the application of 5-E-IT, a 2 s depolarizing current in RP14 elicited 22 spikes (Fig. 1A) . Application of 5-HT hyperpolarized RP14 (Fig. 1 B) . Approximately 5 min after 5-HT, the number of spikes in RP14 elicited by an identical current pulse was reduced to 15 (Fig. 1 C) . On average, the two pretests elicited 40.8 ? 8.3 spikes (mean t SE), and the two posttests elicited 27.1 t 4.7 spikes. The difference was statistically significant (two-tailed, paired t-test, t3 = 3.6, P < 0.05, n = 4).
In addition to its sensitizing effects on the tail withdrawal reflex itself, 5-HT has many effects on the sensory neurons that mediate the reflex (for review see Byrne et al. 1993 ) . In the experiment illustrated in Fig. 2 , simultaneous recordings were made from a tail sensory neuron, a motor neuron, and RP14. A single action potential triggered in the sensory neuron with a brief depolarizing current pulse produced an EPSP in the motor neuron (Fig. 2Al) . A 2 s, 5 nA depolarizing current pulse injected into RP14 elicited 36 spikes and produced inhibitory postsynaptic potentials (IPSPs) in both sensory and motor neurons (Fig. 2A2) . Application of 5-HT to the bath (arrow, Fig. 2B ) hyperpolarized RP14, depolarized the sensory neuron, and triggered a transient increase in spiking activity in the motor neuron (Fig. 2B) . Approximately 5 min after application of 5-HT, the amplitude of the EPSP in the motor neuron was enhanced (Fig. 2Cl) and the same 5 nA depolarizing current pulse elicited only 30 spikes in RP14. The spikes elicited in RP14 produced no observable IPSPs in the sensory neuron and attenuated the IPSPs in the motor neuron (Fig.  2C2) . Even when the amplitude of the stimulating current was increased to a level that elicited 36 spikes in the RP14, no IPSPs were observed in the sensory neurons, and those in the motor neurons were attenuated (data not shown). Therefore the attenuation of RPl4-induced IPSPs in the sensory and motor neurons by 5-HT does not appear simply to be due to the reduced excitability of RP14. Similar results were obtained in three additional experiments.
SCPB had excitatory eflects on RPl4
The neuropeptide SCP, has several modulatory effects on tail sensory neurons that are similar to those produced by 5-HT (Abrams et al. 1984; Critz et al. 1991; Pieroni and Byrne 1992) . Because SCP, does not mimic all of the effects of 5-HT (e.g., Pieroni and Byrne 1992), its effects on RP14 were examined also. Simultaneous recordings were made from a tail sensory neuron, a tail motor neuron, and RP14. Application of SCPB led to a dramatic increase in the spontaneous spike activity of RP14, depolarization of the sensory neuron, and an increase in spontaneous spike activity of the motor neuron (Fig. 3A) . The strong effect on motor neuron excitability made it difficult to examine the strength of the connection between RP14 and its follower motor neuron. The effect of SCP, on sensory-motor EPSPs were not examined in these experiments. In the continued presence of SCPB, the sensory neuron repolarized to resting levels, and the spike frequency in motor neurons and RP14 decreased somewhat. Subsequent application of 5-HT to the bath (which still contained SCPB) reduced the spike activity of RP14 to below baseline level (Fig. 3B) . Nevertheless, 5-HT had the same excitatory effects as SCPB on the sensory and motor neurons. Similar results were obtained in two additional experiments. These data suggest that SCPB has effects on RP14 that are essentially opposite to those of 5-HT.
FMRFamide did not produce obvious changes of activities in RP14
To gain additional insight into the pharmacological relationship of the modulators, the effects of FMRFamide, which normally opposes the action of 5-HT on sensory neurons, 
Serotonin (5HT)
hyperpolarizes RP14 and decreases its excitability. A : prior to application of 5-HT, intracellular stimulation of RP14 produced 22 spikes. B: application of 5-HT hyperpolarized RP14 (note the change in gain). C: approximately 5 min after application of 5-HT, the number of spikes elicited by a pulse of current, identical to that used in part A, was reduced to 15. For this illustration, the baseline of trace C has been aligned with that of trace A.
were examined. Application of FMRFamide (30 PM final concentration) had no obvious effect on the resting membrane potential of RP14 but produced a transient increase in the rate of spike activity in 2 of 3 preparations (data not shown). In addition, FMRFamide did not produce detectable changes in the amplitude of IPSPs in motor neurons produced by RP14. Therefore, FMRFamide seems to have little or no effect on RP14 and its connections. connections between sensory and motor neurons in Aplysia.
The results of the present study demonstrate that these agents have differential effects on the identified inhibitory interneuron RP14. 5HT, which has multiple excitatory effects on sensory neurons and facilitates the connections between sensory and motor neurons, inhibited RP14. On the other hand, SCPB, which also has several facilitatory effects on sensory neurons and their connections, excited RP14. The tetrapeptide FMRFamide had little or no effect on RP14.
Although not yet proven, a strong case can be made that serotonergic neurons are part of the neural circuit whose activation results in sensitization of the tail withdrawal reflex This sensory neuron did not synapse on RP14. Consequently, to simplify the illustration this trace is not shown here or in Cl. A2: intracellular stimulation of RP14 elicited 36 spikes and produced inhibitory postsynaptic potentials (IPSPs) in both the sensory neuron and the motor neuron. B: application of 5-HT hyperpolarized RP14, depolarized the sensory neuron and elicited a transient increase in spontaneous activity in the motor neuron. The spikes in the motor neuron were clipped by the pen recorder.
Cl : after application of 5-HT, the EPSP from the sensory neuron to the motor neuron was enhanced. C2: intracellular stimulation of RP14 with a pulse current identical to that used in part A2 elicited fewer spikes (30). These spikes no longer produced detectable IPSPs in the sensory neuron. In addition, 5-HT attenuated the IPSPs in the motor neuron produced by RP14. supporting this hypothesis is enhancement by 5-HT of the reflex itself along with correlated enhancement of sensory neuron input to follower motor neurons (Mercer et al. 1991; Sugita et al. 1992; Walters et al. 1983b ). In the gill-siphon withdrawal circuit, 5HT appears to produce its facilitatory effects primarily by its actions on sensory neurons (Trudeau and Castellucci 1992) . Consistent with this is the finding that serotonergic neurites contact sensory neurons directly (Zhang et al. 1991) . Moreover, the synapse between sensory and motor neurons in the abdominal ganglion is facilitated by stimulation of the serotonergic neuron CBl (Mackey et al. 1989) .
Increased attention is being paid, however, to the role of interneurons in mediation of withdrawal reflexes and as sites of plasticity underlying behavioral modifications (Blazis et al. 1994; Cleary and Byrne 1993; Fitzgerald and Carew 1991; Frost et al. 1988; Trudeau and Castellucci 1992; White et al. 1993; Wu et al. 1994 ). 5HT appears to act at some of these sites in a manner that is consistent with its facilitation of the sensory-motor synapse. For example, L29 is an interneuron that excites siphon motor neurons, in addition to its facilitatory actions on siphon sensory neurons (Frost et al. 1988; Hawkins et al. 1981) . This neuron excites L30, which in turn inhibits L29 (Hawkins et al. 1981) . 5HT substantially reduces the amplitude of the TPSP elicited in L29 by L30, suppressing the inhibitory feedback loop (Frost et al. 1988) . The finding that 5-HT inhibits RP14 is consistent with this idea. Disinhibition of the actions of RP14 would have a net excitatory effect by reducing feedback inhibition onto sensory neurons and by reducing feedforward inhibition onto tail motor neurons. Inhibitory feedback circuits such as these appear to be quantitatively important sites of plasticity. In the abdominal ganglion, application of cholinergic antagonists, which block inhibitory synaptic input to excitatory interneurons, occludes facilitation of polysynaptic input produced by stimulation of the siphon nerve (Trudeau and Castellucci 1993 ) .
In addition to enhancing reflexes, sensitizing stimuli initially produce a transient inhibition. 5-HT also produces a transient inhibition of the gill-siphon withdrawal reflex that appears to be mediated by inhibition of compound EPSPs _12mV 5 set elicited in motor neurons by siphon nerve stimulation (Fitzgerald and Carew 199 1) . Recruitment of inhibitory neurons such as L30 into the circuit may also contribute (Fischer and Carew 1993, 1994) . It is not known if RP14 contributes to transient inhibition of the tail-siphon withdrawal circuit.
The role of neurons containing the neuropeptide SCP, in defensive withdrawal circuits is less clear. SCP, shares some of the effects of 5-HT on sensory neurons. In addition, it has been shown to have facilitatory effects on motor neuron input via actions on interneurons (Trudeau and Castellucci 1992). Therefore, our expectation was that both transmitters would act cooperatively to enhance synaptic input to motor neurons. Our results suggest the opposite; 5-HT and SCPR appear to have antagonistic effects on at least some of the elements of the tail-siphon withdrawal circuit. SCP, appears to excite RP14 to fire at a frequency that would, if evoked by intracellular stimulation, be sufficient to produce significant inhibition of the motor neuron. A net inhibition of the motor neurons might not occur, however, if the same SCPB-containing neurons provided input to both RP14 and the motor neuron. As shown in Fig. 3 , the inhibition produced by firing RP14 was not sufficient to overcome the direct excitation of the motor neuron by SCP*. Direct innervation of interneurons by cells containing 5-HT or SCPB has not yet been examined.
The interpretation of our results and of the studies mentioned above which used isolated ganglion preparations is limited by the fact that bath-applied modulators act throughout the ganglion, whereas modulatory neurons containing these transmitters may have a much more localized site of action. Moreover, the specific response elicited by these transmitters may be concentration dependent (see Trudeau and Castellucci 1992) . Consequently, different sets of inhibitory interneurons may play different roles, depending on the nature of the sensitizing stimuli affecting the withdrawal systems involved and the extent to which the sensitizing stimuli engage neural circuits containing 5-HT and SCPB. Obviously, it will be important to identify the cells comprising these modulatory circuits to better understand the role of specific neurotransmitters.
It will also be important to examine how these modulatory circuits are engaged by sensi-tizing stimuli and how they affect other interneurons such as RP15 (Xu et al. 1994 ) and LP117 (Cleary and Byrne 1993). Preliminary results suggest that 5-HT and FMRFamide have modulatory effects on the connection between LPl17 and the tail motor neuron (Lee et al. 1994 ).
In conclusion, the modulation of the inhibitory interneurons in the circuit underlying the tail withdrawal reflex of Aplysia raises the intriguing possibility that there exist additional loci of modification that may con tribu te to sensitization, and that multiple neuromodulators may exert different effects at multiple sites.
